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EnergyStorageandRetrieval
The Secondary BatteryRoute
A K ShuklaandP VishnuKamath
Harnessingsunlightfortheproductionofelectricalenergy
is anengrossingprospect.The crucialconceptunderlying
thesuccessofsolarpowerstationsis energystorageandits
retrievalondemandwhichcanbemosteffectivelyachieved
withstoragebatteries.This articlehighlightsthechemistry
of existingandemergingbatterytechnologies.
Technologicaldevelopmenti thiscenturyhasbeencharacterized
notonlybytheincreasingconsumptionofenergybutalsobythe
emergenceofhydrocarbonsa theprimarysource.Theprocessof
developmentisthreatenedbythelimitedreservesofcoalandoil.
In addition,thedeleteriouseffectsofexcessiveconsumptionof
hydrocarbonsontheeconomyandecologyofalargepartofthe
worldistoowellknowntoberecountedhere.Thesehavebrought
intosharpfocustheneedfor developingnewenvironmentally
benignnon-conventionalor whatwewouldprefertocallalter-
nativenergysources.
Wind,solarandtidalenergiesareavailablein almostallpartsof
theglobeandtheefficaciousharvestingof these nergysources
willalsoalleviatetheproblemsassociatedwithenergytransmission
anddistribution.Howeverthese nergysourcesareintermittent
andexhibitannual,seasonalswellasdiurnalvariations.They
areavailableatcertaintimesofthedayoryearandnotavailable
at othertimes.The keyto thesuccessfultilisationof these
energysourcesliesin thedevelopmentofsuitabienergystorage
devices.
Amongthemanyenergystoragedevicespresentlyin vogue,
batteriesarethemostcommon.Batteriesareelectrochemical
deviceswhichconvertchemicalenergyintoelectricalenergy.
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Figure1 Thedischarge(aJ
andcharge(bJprocessesIn
a baffery.
62
(-)
Anode
H
e-
Current. Cathode
(+) 1,(+)
----------- - - - -.- - - -
(a) (b)
Electrolyte
Thatis,theyusechemicalreactionstoproducelectricity.Such
electrochemicaldevicesarecalledgalvanicellsin contrasto
electrolyticcellswhichconsumelectricalenergytobringabout
achemicalreaction.
A batteryconsistsoftwoelectrodes,ananodeandacathode,and
anelectrolytethroughwhichelectricallychargedparticlescan
move(Figure1).Twochemicalreactionstakeplaceatthesame
time.The reactiontakingplaceat theanodeis anoxidation
reactionofthetypeR~ 0 +ne,whereR isthereducedspecies
and0, theoxidisedspecies.Suchareactionleadstoanexcessof
electrons,ne,attheanode.It is alsocalledthenegative(-ve)
electrode.Thechemicalreactiontakingplaceatthecathodeisa
reductionreactionofthetype0' + ne~ R',whichresultsin a
depletionof electrons.Thereforethecathodeis alsocalledthe
positive(+ve)electrode.Forexampleinanickel-cadmiumbattery,
CdisoxidisedtoCd2+attheanodeandNP+ isreducedtoNj2+
atthecathodeandthereactionscanberepresentedas
Cd ~ Cd2++2e
NP++e~ Nj2+
atanode(-ve electrode),
atcathode(+veelectrode).
Whenthebatteryis connectedtoanexternalcircuit(load),the
excesselectronsfromtheanodeflowthroughthecircuitandback
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to thecathode.As theelectronsmovethroughthecircuitthey
loseenergy.Thisenergymaybeusedtocreateheatorlightasin
anelectricalheaterorlightbulb,ortodoworkasinamotor.The
flow of electronsresultsin a currentandby conventionthe
directionof flowofcurrentistakenasoppositetothedirection
offlowofelectrons.Theenergyreleasedperunitchargewhilethe
currentflowsthroughthecircuitiscalledvoltage.Theproduct
of thecurrentandthevoltageis the powerdeliveredtothe
circuit.Whenabatterydeliverselectric urrentoanexternal
load,certainactivematerialsin the batteryarechemically
convertedinto othermaterialsat lowerenergystatesandthe
batteryis eventuallyfullydischarged.
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The batterymost
commonlyknown
to us is the dry cell,
which we use in our
transistorsets or
torches.Theseare
purchased in their
charged stateand
dischargedthrough
use and then
discarded.
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Table1.Desirablefeaturesin a battery
Batteryperformance Definition Desiredtarget
parameter
Energydensity. Energy(stored)perkilogramof battery HIGH
weight(Whkg-I)or perlitreofbattery
volume(Wh1-1)
Powerdensity Ratioofpoweravailablefroma battery HIGH
toitsweight(Wkg-1)orvolume(W1-1)
Selfdischarge lossof chargeduetoparasiticreactions lOW
betweenperiodsofuse
Internalresistance Sumofelectrical(ionicandelectronic) lOW
resistancesof thebatterycomponents
Cyclelife Numberofcharge-dischargecycles HIGH
ovr whichtheenergydensitycanbe
sustainedunderspecificconditions
(applicabletoa secondarybattery)
. Efficiency Ratioof thechargeoutputtothe HIGH
chargeinputduringa charge-discharge
cyclefora'secondarybattery
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A highperformance
batteryshouldhavea
maximumenergy
densityatanoptimum
powerdensity(rateof
discharge),minimum
internalresistance,
maximumcharge
retention,mechanical
strengthandalong
cyclelife.
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Primary and SecondaryBatteries
Thebatterymostcommonlyknowntousisthedrycell,whichwe
usein ourtransistorsetsortorches.Thesearepurchasedin their
chargedstateanddischargedthroughuseandthendiscarded.
Suchcellsareknownas'primarycells.Theyareoflimiteduseas
theydelivermuchlessenergythanwhatisrequiredtoconstruct
them.Besides,thegrowingneedforrecyclingresourcesrequires
thatthedischargedbatteryshouldbereusablealargenumberof
times.In otherwords,welookforasecondary(rechargeable)or
storagebatterywitha long cyclelife. A secondarycell after
dischargecanberechargedbypassingelectricurrenthroughit
in thereversedirection(Figure1).Duringrechargeit behaves
likeanelectrolyticcellandconvertselectricalenergyintochemical
energyandtheactiveelectrodematerialis retrieved.
A highperformancebatteryshouldhavea maximumenergy
densityatanoptimumpowerdensity(rateofdischarge),minimum
internalresistance,maximumchargeretention,mechanical
strengthandalongcyclelife(seeTable1).Thetargetvaluesfor
alltheseparameterswhichwouldhelpdefineahighperformance
batteryaregivenin Table2.
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Table2.Targetcharacteristicsfor ahighperformancebatteryII
I , "- .
.11II
Performanceparameter long lifetype High energydensitytype
II !IIi
Weightenergydensity(Whkg-1) 120 160
Wolumeenergydensity(WhI-I) 240 360
Cyclelife 3500 500
Efficiency(%) >90 >85
Others:Environmentalstability,safety,easymaintenance,
highrangeofoperationaltemperature(-20to50°CI-
compactness,ruggednessand lowcost.
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How Do WeConstruct aBattery?
A batterybasicallyconsistsoftwoelectrodes,ateachofwhicha
chel1)icalreactiontakesplace.Everychemicalreactionisassociated
withacertainfreeenergychange,L\Go(understandardcondi-
tions),whichcanbecharacterisedbyapotentialEO,suchthat
L\Go=-nFEo(wherenisthenumberof electronsinvolvedinthe
reactionandF, theFaradayconstant).Thispotentialiscalledthe
singleelectrodepotential.In a battery,thesingleelectrode
potentialsof thetwoelectrodesdifferfromoneanothersothat
electronsarereleasedattheanodeatahighenergy.Theelectrons
passthrougha loadandlos~energyandareconsumedatthe
cathodeata lowerenergy.
Fromthe100oddelementsknowntousin theperiodictable,
nearly5000(i.e.,100'99/2.The numberis largerif variable
oxidationstatesofsomelementsaretakenintoaccount.)pairwise
combinationsof singleelectrodereactionsinvolvingstable
reactantsandproductscanbetheoreticallyenvisaged.Thisleads
toasimilarnumberofdifferentpossiblelectrochemicalenergy
storagesystems.Howeverin practice,morethana centuryof
effortin thedevelopmentofbatterieshasresultedin onlyafew
systemsofpracticalimportance.
The smallnumberof successfulsystemscomparedtothelarge
numberpossibleintheorysuggeststhataworkablelectrochemical
energystoragesystemiscriticallydependentonseveralfactors.
Twoobviousfactorsarecostandavailabilityofrequiredmaterials.
In addition,afewfactorsrelatedtothechemistryoftheelectrode
materialsplayanimportantrole.
Chemistry of Reversible Electrodes
The electrodematerialsin arechargeableor secondarybattery
mustundergoareversiblechemicalreaction.A typicalelectrode
reactioncanbeschematicallywrittenas
(I)
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The small numberof
successfulsystems
comparedto the large
numberpossible in
theorysuggeststhata
workable
electrochemical
energystoragesystem
is criticallydependent
on severalfactors.Two
obviousfactorsare
cost and availabilityof
requiredmaterials.
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Table 3. Electrodereactionsin
different batteries. EOvalues
havebeengivenwheretheyare
known. Arrows pointing to the
right (-+1correspond to the
dischargereactionsandarrows
pointing to the I~ft (~I
correspond to the charging
reactions. Advantages and
. disadvantagesofthebatteries
are also given.
We mustdevelop
new batterieswith
enhanced
performance
characteristicsfor
communication,
space, automotive,
and traction
purposes.
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Table 3. Electrode reactions in different batteries.
. Lead'facidbattery ·
PbOz+4fl"':+SOl"+2e~PbS04+2HzO EO;:1.69V (cathode)
Ph+SO~~-~PbSO 4+2e EO::-O.36V (anode)
Pb+PbOz+2HzS04~2PbSO:+2RiO EteU=2.05V (netJ"
low energydimsily,.highPbtoxiCitY,corrosivebutrugged
. NickeHronbatfery
2NiOOH+~~O+2e~ 2NilOH)z+20H- EP=0,49V (cathode)
Fe+20H-~ 2Fe(OH)z+:zeE,°:::;-Q.88V (anode)
2NiOOHtFe+2HzO~.2Ni(OH)z+FelOH)zEceU::;1.37V (net)
PoorperformanceofFeelectrode,notrqpintenance-free
. ~ickel-cadmiumbattery
2NiOOH+2I;-1z0+2e~2NilOH) z+20H- EO=0,49V (cathode)
Cd+20W~Cd(OH)z+2e EO=-0.76V (anode)
2NiOOH+Cd+2HzO~. 2Ni(OH)z+Cd(OH)zEcen=125V (net)
HighCd toxicityoutmaintenance-free
~Nickel":zincbattery
2NiOOH+2HzO+2e~ 2NilOH)z+20H- EO:::;0.49V (cathode)
Zn+20H-~ ZnO+HzO+2eEP=;-1.24V(anode)
.2NiOOH+HzO+Zn~'2Ni(OH)z+ZnO EteU=1.73V (net)
low cyclelifebutcosteffective
HereM isametalionandz+ and(z+il)+areitstwooxidation
states.For a materialto qualifyasa reversiblelectrodefor
secondarybatteriesit shouldsatisfythefollowingconditions:
. As seenfromreaction(I), themetalionmustbecapableof
adoptingatleastwooxidationstates.Thiscriterionissatisfied
bymanyd-blockelements.. Thereshouldbeasuitablechemicalmatrixthatcanhostthe
metalionin itsmultipleoxidationstates.Anoxide/hydroxide
matrixisfoundtoservethispurposeideallyalthoughmany
sulphidesareasgood.. Thereaction(I)musthaveahighdegreeofreversibilitywhich
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. Nickel-metdlhydridebattery
NiOOH+Hp+e~. NilOHI2+OH"'EO=0.49V(cathodel
MH+OH"".=M+H20+e EO=-O.83V (anodel
NiOOH+MH.= Ni(OHI2+MEcen=1.32V (netl
Highcyclelife,highenergydensity,non-toxic,maintenancefree
. Rechargeable alkaline manganese dioxide battery
2MnOz+Hp+2e.=MnzO 3+20H- EO=O.26V (cathodel
Zn+20H"~ ZnO+H20+2e EO=.,..t24V (anodel
Zn+2MnOz.=ZnO+Mn203 Ecen=1.5V (netl
Shallowdischargebutcosteffedive
. Lithiumionrechargeablebattery
liCo02.= li1_xC002+xli++xeEO=O.6V (cathodel
li1_xC+xli++xe.=liC EO=-3.0V (anode)
li1_XC+~iCob2.=liC+li1_xC002Ecen=3.6V (netl
High energydensity,high cyclelife,maintenancefreebut
uneconomical
. Zebra battery.
2Na++NiCI2+2e.=2NaCI+Ni EO=..O.13V (cathodel
2Na.= 2Na++2eEO=-2.71V (anodel
2Na+NiCI2.=2NaCI+Ni Ecen=2.58V (net)
Hightemperatureoperation,stillindevelopmentstages
ispossiblewhenneithertheoxidisednorthereducedformis
speciallystablecomparedto theother.This is a difficult
criteriontosatisfyandonlyafewmetalsuchasPb,Mn,Ni
andCoappeartopassthistest.
. Both thereducedandoxidisedformsof thematerialmust
haveafairdegreeofelectricalconductivityorelsethematerial
will berenderedelectrochemicallyinactive.
. Reaction(I) shouldhavenocompetingreactionsthatproduce
electrochemicallyinactivesideproductswhichcanreducethe
activityof theelectrode.
Severalbatterieshavebeeninusecommerciallyforanumberof
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The mannerin which
we are using
secondarybatteries
todayhas notreally
solvedthe energy
problem.The real
breakthroughwill
comewhen advances
in photovoltaicswill
enable us to recharge
our secondary
batteriesby
usingsolar energy.
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Batterytechnologists
mustbe readywith
high performance,
cost effective,
environmentfriendly
and socially
acceptablebatteries.
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years.However,overthelasttwodecadesnewapplicationsand
requirementshavearisenwhichneedtobemet.As aresultsome
old systemshavedeclinedin importancewhile others have
expanded and new concepts have been developed. The
commericallyviable systemsare: Lead-acidbatteries,nickel-
iron, nickel-cadmium, nickel-zinc, nickel-metal hydride,
rechargeablealkalinemanganesedioxide-zincbatteries,lithium
ion rechargeable batteries and zebra batteries. The
electrochemistryof thesebatteriesis summarisedin Table3.
Future Prospects
Variousbatterytechnologieshavebeenwith us for manyyears.
Technologydisse~inationandacceptanceis nomoreaproblem;
in fact many new applicationsare crying out for the rapid
developmentof new batterieswith enhancedperformance
characteristicsespeciallyforcommunication,space,automotive,
and tractionpurposes.Overtheyearsmanytypesof batteries
havebecomecommerciallyavailable.But themannerin which
weareusingsecondarybatteriestodayhasnotreallysolvedthe
energyproblem,as we rechargethem using electricalenergy
obtainedfromfossilfuels.The realbreakthroughwill comewhen
advancesinphotovoltaicswill enableustorechargeoursecondary
batteriesby usingsolarenergy.By then batterytechnologists
must be ready with high performance, cost effective,
environmentfriendlyandsociallyacceptablebatteries.
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